The mammary gland is a complex organ, structured in a ramified epithelium supported by the stroma. The epithelium's functional unit is the bilayered acinus, made of a layer of luminal cells surrounded by a layer of basal cells mainly composed of myoepithelial cells. The aim of this study was to develop a reproducible and manipulable three-dimensional co-culture model of the bilayered acinus in vitro to study the interactions between the two layers. Two different combinations of cell lines were co-cultured in Matrigel: SCp2 and SCg6 mice cells, or MCF-12A and Hs 578Bst human cell lines. Cell ratios and Matrigel concentration were optimized. The resulting acini were analysed by confocal microscopy using epithelial (E-cadherin) and myoepithelial (-smooth muscle actin) markers. SCp2 and SCg6 cells formed distinct threedimensional structures, whereas MCF-12A and Hs 578Bst cells formed some bilayered acini. This in vitro bilayered acini model will allow us to understand the role of interactions between luminal and myoepithelial cells in the normal breast development.
Introduction
The human mammary gland consists of two compartments: the stroma and the epithelium. The mammary epithelium is organized in a ramified lobulo-alveolar system. In humans, 15 to 20 lobes in each breast converge in ducts toward the nipple. Each lobe is itself sub-divided in lobules, and each lobule consists of many acini grouped together (Hassiotou & Geddes, 2013) . The acinus is considered to be the functional unit of the mammary gland. The whole ramified lobulo-alveolar system of the epithelium consists of a central lumen bordered by an inner layer of luminal cells surrounded by an outer layer, mainly comprised of myoepithelial cells. The epithelium is separated from the mammary stroma by a basement membrane (Su, Shankar et al., 2011) . In the acini, the myoepithelial cells form a basket-like network surrounding the luminal cells (Sopel, 2010) .
The stroma surrounding the breast epithelium is comprised of extracellular matrix (ECM), of mesenchymal and immune cells, as well as of blood and lymphatic vessel cells (Weigelt, Ghajar et al., 2014) . The basement membrane is a type of specialized ECM mainly composed of type IV collagen and laminin-1 (Leblond & Inoue, 1989) . In addition to physically supporting the epithelium, the stroma's components transmit signalling cues to the epithelium including through transmembrane receptors, such as integrins, to the cytoskeleton of the cell, which ultimately impinges on chromatin and nuclear function to maintain tissue integrity (Bissell, Hall et al., 1982) .
Hence, the environment in which cells grow, or in which cells are cultured in vitro, impacts their morphological organization and tissue-specific functions (Weigelt et al., 2014) . Traditionally, cultured cells are grown in a two dimensional (2D) monolayer. They adhere and grow on a flat surface, and adopt a flatter and more stretched out phenotype compared to in vivo. This abnormal cell morphology alters cellular processes such as cell proliferation, differentiation, apoptosis, as well as gene and protein expression (Tibbitt & Anseth, 2009) . Consequently, cells cultured in 2D may not behave as they would in tissues (Huh, Hamilton et al., 2011) .
To overcome the limitations of traditional 2D cell culture and to adequately mimic the in vivo microenvironment, cells must be cultured in three dimensions (3D). This type of culture allows cells to freely assemble in multidimensional structures, called spheroids, using a scaffold/matrix or in a scaffold-free manner (Edmondson, Broglie et al., 2014) . By adopting this in vivo-like 3D relationship to each other, cells better can form cell-cell and cell-ECM interactions, establish appropriate cell-signalling pathways to maintain tissue function and mimic the cellular processes occurring in the human body (Edmondson et al., 2014) . This difference between 2D and 3D culture regarding cellular processes and response, through the modulation of gene expression, has been observed several times (Chitcholtan, Asselin et al., 2013; Mabry, Payne et al., 2016; Pineda, Nerem et al., 2013) . In fact, distinct patterns in gene expression profiles between tissue samples and cell lines of varying phenotypes demonstrated adaptation of cells to their culture microenvironment (Birgersdotter, Sandberg et al., 2005; .
Most 3D cell culture systems mimicking mammary gland acini are monocultures, using only the luminal cells (Debnath, Muthuswamy et al., 2003; Marchese & Silva, 2012 ). Yet, to thoroughly recapitulate the histological complexity of the normal human mammary gland, luminal cells must crosstalk with EMC or scaffolds, but also with myoepithelial cells (Radisky, Hagios et al., 2001) . In vivo, myoepithelial cells interact physically and by paracrine signalling with the layer of luminal epithelial cells, and are critical for the proper polarisation of the luminal cells (Gudjonsson, Ronnov-Jessen et al., 2002) . Heterotypic models of the human mammary gland have been developed using luminal MCF-10A cells, adipocytes and human fibroblasts in a mixture of laminin-rich basement membrane extract (lrBME) matrix/collagen on porous silk protein scaffold (Wang, Sun et al., 2010) . While this model represents progress towards an in vitro acinus-like structure composed of multiple cell types, it uses complex matrices and scaffolds, whereby myoepithelial cells are absent. Bilayered acini composed of a mix of purified human luminal and myoepithelial cells isolated from normal mammary glands have also been developed (Gudjonsson et al., 2002) . However, because they are formed using primary cultures, they are hardly genetically manipulable. There is thus still a great need for a simplified, optimized, genetically manipulable, reproducible and physiologically relevant model to recapitulate the normal structure of the functional unit of the human mammary glandthe bilayered acinus (Campbell & Watson, 2009 ).
This study aimed to develop a model representing the breast bilayered acini that can be genetically manipulated and easily reproduced by using cell lines. Here, two combinations of cell lines were tested: 1) the human non-tumorigenic luminal and myoepithelial-like cells MCF-12A and Hs 578Bst; and 2) the murine non-tumorigenic luminal and myoepithelial cells SCp2 and SCg6 (Desprez, Roskelley et al., 1993) .
Results

MCF-12A and Hs 578Bst cells showed more differentiated phenotypes than
SCp2 and SCg6
We first confirmed that the selected cell lines were representative of luminal and myoepithelial cells by evaluating the expression of various markers (Supplementary figure 1) . While MCF-12A and Hs 578Bst cells expressed markers typical for luminal and myoepithelial cell types respectively, some markers were present in both SCp2 and SCg6 cells (Supplementary figure 1) .
MCF-12A and SCp2 cells embedded in Matrigel form spheroid structures
We then wanted to confirm that human mammary gland luminal MCF-12A and SCp2 cell can form acini-like structures, as reported in the literature (Marchese & Silva, 2012; Talhouk, Mroue et al., 2008) . To do so, MCF-12A were embedded in a 3D matrix consisting of cell culture medium and basement membrane extract, commercially known as Matrigel. After 24 hours in culture, cells already formed small clusters of cells ( Figure 1A ). After 4 days, small and rounded spheroid structures could be observed ( Figure 1B ). After 10 days, the spheroids were still present, but were much bigger in size, and the cells that constituted each spheroid could be distinguished ( Figure   1C ). After 14 days in culture, spheroids maintained their size and more defined round structure started to form in some of the spheroids, similar to the acini of the human mammary gland ( Figure   1D ). Likewise, SCp2 cells could form acini-like structures with a lumen ( Supplementary figure 2A and B). Optical microscopy images of MCF-12A. Cells appeared in small clusters after 24h (A). They gradually formed acini-like spheroids after 4 days (B), which grow in size after 10 days (C). 14 days after being embedded in Matrigel, spheroids preserved their size and some of them were more defines, with clear edges (D, arrowheads). Scale bars: 250 µm.
MCF-12A cells maintained in Hybri-Care culture medium conserved an acini-like structure
Because Hs 578Bst and MCF-12A cells are typically grown in different media, and because Hs 578Bst cells are more difficult to maintain than MCF-12A cells, we wanted to insure that MCF-12A could still form acini-like structures in Hs 578Bst cells culture media. We thus compared spheroids formed by MCF-12A cells embedded in Matrigel and maintained with either Hybri-Care medium (ATCC ® 46-X TM ) or phenol red-free DMEM/F12 medium, the media typically used for Hs 578Bst and MCF-12A cells, respectively. While some MCF-12A spheroids showed a defined spherical structure when maintained in DMEM/F12 medium, smaller less defined structures, characterized by a certain looseness in the structure, were also present (Figures 2A-C) . These Interestingly, when Hybri-Care medium was used to dilute the Matrigel and to maintain embedded cultures, the cells formed bigger, rounder and more defined acini-like spheroids. These structures were more compact and there was no visual evidence of cellular degradation ( Figure 2D -F).
These observations suggested that MCF-12A cells can form acini-like structures even more efficiently in Hybri-Care medium. Because SCp2 and SCg6 cells are cultured in the same medium, these optimizations were not necessary.
Figure 2:
Hybri-Care culture medium promotes the formation of more defined acini-like structure than DMEM/F12 culture medium. (A-F). Optical microscopy images of MCF-12A cell embedded in Matrigel after 14 days of culture. When using DMEM/F12 medium to maintain cultures, resulting multicellular structures seem smaller, less defined and looser (A-C, arrowheads) than cells maintained in Hybri-Care medium (D-F). In hybrid-Care medium, acini are bigger, rounder, more defined and more compact. Scale bars: 250 µm.
To ensure that these spheroids maintained the lumen characteristic of acini, they were analyzed by confocal microscopy. The acini presented lower cell density at their center, suggesting the gradual apoptotic clearance of cells creating a lumen-like cavity (Figure 3) . These results were confirmed by cryosections of MCF-12A acini, either stained using Masson's trichrome staining ( Figure 3C ) or immunolabeled with β-catenin-specific antibody ( Figure 3D ). Adherens junctions were formed between luminal cells as demonstrated by the expression of both Ecadherin and β-catenin ( Figure 3A 
Dilution of Matrigel to different concentrations impacts spheroid structure and immunolabeling
To optimize the immunolabeling of the acini-like spheroids, without compromising their 3D structure, we then assessed which Matrigel concentration is most favorable to support round acini formation and to facilitate sufficient antibody penetration in the matrix for decent immunofluorescence imaging. MCF-12A cells were embedded in Matrigel diluted with Hybri-Care medium to achieve concentrations of 50%, 75% and 100% of Matrigel ( Figure 4 ). In wells containing 50% Matrigel, the matrix almost completely liquefied during the immunolabeling procedure, resulting in the loss of many acini during staining procedure. The remaining acini fell to the bottom of the microwell, forming flat structures difficult to properly label with antibodies ( Figure 4A and B) . On the opposite, in wells containing 100% of Matrigel, the matrix remained rigid in its consistency, resulting in unspecific labeling and smaller acini ( Figure 4E and F). Finally, cells were in 3D monoculture ( Figure 5A and B) , acini-like structures formed when MCF-12A and Hs 578Bst were simultaneously embedded in Matrigel ( Figure 5C and D) . In the co-culture, however, a second layer of cells seemed to surround some of the acini, suggesting that bilayered acini were formed with both types of cells ( Figure 5D , arrowhead). Hs 578Bst cells, when cultured alone, were not able to form spheroids ( Figure 5E ). On the opposite, SCg6 cells could form spheroids alone or in co-culture with SCp2 (Supplementary figure 2C-E). To confirm that these acini were indeed bilayered, we performed immunolabeling using distinct epithelial (E-cadherin) and myoepithelial (smooth muscle actin, SMA) markers. While figure 2F) . Importantly, none of those structures were bilayered. However, when luminal MCF-12A cells were co-cultured with myoepithelial-like Hs 578Bst cells, bilayered acini were produced ( Figure 6 ). These acini were composed of an inner layer of luminal cells surrounded by a discontinuous basket-like network of myoepithelial-like cells ( Figure 6B) . Moreover, the truncated view allowed us to distinguish a lumen in the center of the acini ( Figure 6C ). From these results, we can conclude that it is possible to create a 3D model of a human bilayered acini in vitro, using cell lines. 
Discussion
To fully understand the mechanisms that lie behind breast cancer, we first need to understand how a healthy mammary gland functions. Developing a surrogate model of the normal human breast that mimics the architecture and function of the actual organ will help increase our understanding of how breast tissue develops and how specific deregulations, of intercellular junctional complexes for example, influence carcinogenesis. Many techniques have been explored to model and study the human mammary gland in vitro. Malignant as well as nonmalignant mammary cells have traditionally been studied as monolayer on plastic cell culture dishes, thereby losing their morphological organization and tissue-specific function (Weigelt et al., 2014) . Fortunately, progress in tissue engineering and biomaterials have provided researchers with innovative techniques that are now allowing to explore the possibilities of 3D culture, thus bridging the gap between in vitro monolayer cell culture models and expensive in vivo wholeanimal systems (Campbell & Watson, 2009 ). 3D culture systems promote expression of tissuespecific functions and cellular processes by allowing cells to self-assemble and to receive cues from their neighbouring cells and the surrounding extracellular matrix, which cannot be achieved when cells are plated on plastic cell culture dishes in 2D (Campbell & Watson, 2009; Weigelt & Bissell, 2008) . 3D models are particularly useful for the study of protein and gene functions, along with signaling pathways in a physiologically relevant context (Weigelt & Bissell, 2008) .
Here we report the production of a relevant 3D 
The importance role of myoepithelial cells
There has been a wide range of 3D culture models, using Matrigel based matrices, developed in an attempt to replicate the epithelium of the human mammary gland in vitro. For instance models using non-tumorigenic human mammary luminal cells lines, such as MCF-10A (Debnath et al., 2003) , HMT 3522 S1 (Anders, Hansen et al., 2003; Lee et al., 2007) or MCF-12A (Marchese & Silva, 2012) have been reported. When grown in Matrigel, all these cells lines were able to form organized spheroids with a central lumen, similar to breast acini morphology. In opposite, tumorigenic human mammary luminal cells lines form disorganized, proliferative and nonpolar colonies Lee et al., 2007) . While these models brought important insights on the structure and the polarization of acini, and the lack of defined structures for breast cancer cells, these models fail to consider the crucial role of myoepithelial cells in the formation of a polarized epithelium in vivo.
For many years, myoepithelial cells were mostly ignored in mammary gland studies, as it was thought that their role was limited to transportation and ejection of milk during lactation. We now know that myoepithelial cells are crucial for the proper differentiation and function of the epithelium. Among their functions, they allow paracrine regulation and cross-talk within the epithelium while playing an active role in tissue remodeling and polarization of luminal cells. Such functions are critically dependent on bi-directional communication between myoepithelial and luminal cells (Dickson & Warburton, 1992; Rudolph-Owen & Matrisian, 1998; Talhouk et al., 2008; Warburton, Mitchell et al., 1982) . Moreover, a growing body of evidence demonstrates that the tumor microenvironment plays a critical role in cancer progression (Ghajar & Bissell, 2008) .
Whether cancer cells induce remodeling of the architecture and/or changes in tissue architecture promote cell tumorigenicity is unclear. It is likely that gene expression is at least in part dictated by the interactions between a cell and the stromal elements, including stromal cells, proteins of the ECM and other soluble factors (Ghajar & Bissell, 2008) . As a result, ECM is considered as an active participant, rather than a passive bystander, in cellular differentiation. Conversely, cells contribute to the formation of the epithelial microenvironment by producing components of the basement membrane such as collagen, laminins and fibronectin (Warburton et al., 1982) .
Because they lie on the epithelial side of the basement membrane, myoepithelial cells are uniquely positioned to accomplish most of the interactions between the epithelium, basement membrane and the ECM. Myoepithelial cells are crucial mediators of ductal elongation and invasion within the stroma, as they secrete proteins and molecules required for the remodeling of the ECM such as maspin, amyloid beta-protein precursor/ protease nexin-II (APP/PNII) and matrix metalloproteinases (MMPs) (Dickson & Warburton, 1992; Rudolph-Owen & Matrisian, 1998; Warburton et al., 1982) . As a result, dysregulation of myoepithelial cells functions has been associated with the loss of a polarized epithelium, developmental defects and tumorigenesis (Plante & Laird, 2008; Radisky & Radisky, 2010; Runswick, O'Hare et al., 2001; Streuli, Schmidhauser et al., 1995) . Accordingly, myoepithelial cells are often considered natural tumor suppressors due to their ability to build a physical and chemical barrier against uncontrolled growth, tumor cell invasion and angiogenesis (Barsky & Karlin, 2005; Sternlicht, Kedeshian et al., 1997) . Therefore, to fully understand both the normal development of mammary gland and breast tumor progression, as well as to study more specifically the direct relationship between luminal and myoepithelial cells of the acinus (Gudjonsson, Adriance et al., 2005) , heterotypic models in which human mammary myoepithelial cells are introduced in a human mammary luminal cell culture must be developed.
Luminal and myoepithelial-like commercial cell lines can form bilayered acini, similar to complex 3D structures from primary cultures
A few studies have been published with 3D models composed of more than one cells types. For instance, human luminal MCF-10A cells were co-cultured with primary culture of human mammary fibroblasts (Krause, Maffini et al., 2008) . In another study, primary cultures of human luminal and myoepithelial cells were co-cultured (Carter, Gopsill et al., 2017) . In an even more complex model, human luminal MCF-10A cells were co-cultured with primary cultures of human mammary fibroblasts and adipose-derived stem cells (Wang et al., 2010) . Cells in these co-culture models displayed more differentiated morphological phenotypes and functional activity than in less complex monocultures (Wang et al., 2010) . Likewise, these co-cultures facilitated the study of cellular crosstalk in the breast (Carter et al., 2017) . Notably, most of these studies used primary cultures of breast cells. It is believed that primary cells in a 3D mammary gland model enable more physiologically relevant studies such as lineage commitment and plasticity (Campbell, Davidenko et al., 2011) , and that normal in vivo signaling pathways is more preserved compared to immortalized cell lines (Ip & Darcy, 1996) . However, some of the downsides of these models are the increased complexity of working with primary cells, the heterogeneity of the samples and the difficulties to genetically manipulate the cells. On the opposite, commercially available cell lines represent a more homogenous population that can easily be genetically modified to isolate the role of particular proteins or pathways (Kaur & Dufour, 2012; Wang et al., 2010) . As such, our model using cell lines represent a more reproducible and manipulable model to study the role of the bi-directional cross-talk between luminal and myoepithelial cells within the mammary epithelium. Moreover, because MCF-12A and Hs 578Bst cell lines are commercially available, researchers around the world will be able to use and even improve this model.
Limitations of our model
Although we successfully obtained bilayered acini, about 50% of the acini formed when we cocultured luminal and myoepithelial cell were bilayered, while the other 50% was formed of luminal cells only. A possible explanation lies in the use of Matrigel. Indeed, it has been reported that coculturing isolated myoepithelial and luminal cells in type I collagen based matrix promoted their re-arrangement in bilayered acini, while Matrigel did not (Carter et al., 2017; Gudjonsson et al., 2002) . Matrigel is a laminin-rich basement membrane extract. It has been demonstrated that laminin is required for adequate luminal cell polarization in the mammary gland (Gudjonsson et al., 2002) , and that myoepithelial cells produce an important amount of this laminin in vivo (Deugnier, Moiseyeva et al., 1995) . Consequently, in a Matrigel laminin-rich matrix, as laminin is already present, there is no incentive for luminal cells to coalesce with myoepithelial cells in bilayered structures. On the opposite, in a type I collagen based matrix in which no laminin is present, the luminal cells require the laminin produced by myoepithelial cells to promote their assembly into co-units. Yet, we still managed to produce bilayered acini of luminal and myoepithelial cell lines embedded in a Matrigel matrix in our model. Other ECM, such as artificial scaffold or type I collagen based matrix, might help increasing the ratio of bilayered versus luminal cells-only acini. Increasing the myoepithelial to luminal cell ratio in co-culture might also favour the formation of bilayered acini.
The type of cell lines used also seem to a have limitations. In the experiment herein, murine luminal cells SCp2 and myoepithelial cells SCg6 did not interact to form bilayered acini when co-cultured in Matrigel. Both cell lines either formed monolayer acini or irregular structures, but did not coalesce (Supplementary figure 2) . This might be explained by the fact that SCp2 and SCg6 cells have less differentiated phenotypes. In fact, Western blot analysis showed that both SCp2 and SCg6 expressed luminal marker E-cadherin and myoepithelial marker cytokeratin 14
( Supplementary figure 1) . Moreover, they showed a high plasticity when cultured in 2D, suggesting stem-like properties (data not shown). Finally, while MCF-12A and Hs 578Bst cells have more differentiated phenotypes and are considered as non-tumorigenic, they remained transformed cells. Therefore, signaling and protein expression is surely different than those of in vivo luminal and myoepithelial cells. Nevertheless, the fact that they form bilayered acini in vitro represents a first step toward more complex, manipulable, reproductive and representative in vitro models to mimic the bilayered mammary gland epithelium and study the role of bidirectional communication between the two layers of epithelial cells.
Conclusion
To our knowledge, this study is the first to utilize two types of human mammary cell lines cultured together in Matrigel to form bilayered acini, offering significant advantages over previously described models that used monocultures of cell lines or co-culture of primary cells. The critical advantage of our model remains the use of commercially available cell lines that ensure a manipulable, reproducible and physiologically relevant human mammary gland model. Our model will allow the study of the critical role of myoepithelial cells, and of the interactions between myoepithelial and luminal cells in mammary gland development and during breast cancer progression. Plates were manually evenly pre-coated on ice with 10 µl of Matrigel using the tip of a pipette.
Materials and methods
Dishes were left in an incubator at 37°C to allow the Matrigel to congeal for 30 minutes. For coculture experiments, cell suspension from both cell types were counted and the proper number of each cell type mixed in the same tube. Cell suspension containing both cell types were centrifuged at 125G at room temperature for 7 minutes, the supernatant was removed and the tube was gently flicked to detach cells from the bottom of the centrifuge tube. The Matrigel was added directly to the cell pellet, gently mixed and the Matrigel-cells suspension was distributed rapidly in the microwells pre-coated with Matrigel. Dishes were incubated for another 30 minutes at 37 °C to allow Matrigel to congeal, then, the culture medium was added to cover the entire polymerized Matrigel/cell mix. The culture medium was changed every 2-3 days for 14 days. 
Cryosections from embedded 3D cultures
Culture medium was removed and embedded cultures were washed twice with PBS, prewarmed at 37 °C. The matrix was detached from the microwell with a spatula, quickly placed on top of a layer of Tissue Freezing Medium (3801481, Leica Biosystems, Wetzlar, Germany) in a cryomold, and then covered with a second layer of Tissue Freezing Medium to fill the cryomold. The resulting block of cryomatrix containing the cells embedded in the matrix were placed at -80°C until use.
Masson's trichrome staining of cryosections
Embedded acini cryosections (8 µm) were fixed in Bouin's solution overnight and then rinsed with water for 5 minutes. Sections were stained sequentially with Weigert's iron hematoxylin for 10 minutes, Biebrich scarlet-acid fuchsin for 15 minutes, phosphomolybdic-phosphotungstic acid for 20 minutes and aniline blue (5 minutes), and washed with water between all coloration steps.
Finally, the sections were treated with 1% acetic acid for 5 minutes, dehydrated in an alcohol series, cleared in xylene for 5 minutes and mounted using Permount (SP15100, Fisher Scientific, Burlington, ON, Canada). Slides were dried for a minimum of 4 hours after.
Immunolabeling of cryosections
Embedded acini cryosections (8 µm) were fixed in formaldehyde 4% for 15 minutes and blocked in 3% BSA dissolved in TBS-Tween20 (0.1%). Primary antibodies were diluted in TBS-Tween 0.1%, and sections were incubated with primary antibody for 60 minutes at room temperature.
Sections were incubated with β-catenin (L54E2) mouse mAb (#2677s) 1/200 (Cell Signaling).
Immunolabeling was followed by three washes with TBS-tween 0.1%. Sections were incubated with the secondary antibody (anti-mouse IgG Fab2 Alexa Fluor 647 (#4410s) used at 1/1000 (Cell Signaling). Nuclei were stained with DAPI in TBS-Tween 0.1%, and slides were mounted with Fluoromount-G (SouthernBiotech, 0100-01). Slides were placed at 4°C for 8 hours in the dark.
Immunofluorescence images were obtained with a Nikon A1R+ confocal microscope (Nikon) and analyzed using NIS-elements software (Nikon).
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